Background: Metastasis is a major obstacle in the treatment of bladder cancer (BC). Circular RNAs exert various functions in the aggressive biological behaviour of cancers. In this study, we aimed to elucidate how circPICALM influences BC metastasis. Methods: The expression of circPICALM was analysed by real-time PCR. The tumourigenic properties of BC cells were evaluated using in vitro migration, invasion, and wound healing assays and an in vivo footpad model. The interaction between circPICALM and miR-1265 was confirmed by pull-down and dualluciferase reporter assays and biotin-labelled miRNA capture. The interaction of STEAP4 and focal adhesion kinase (FAK) was confirmed by co-immunoprecipitation. Findings: CircPICALM was downregulated in BC tissues, and low circPICALM expression was related to advanced T stage, high grade, lymph node positivity and poor overall survival. Overexpression of circPI-CALM inhibited the metastasis of BC cells, and DHX9 negatively regulated circPICALM levels. CircPICALM colocalized with miR-1265 and acted as a sponge for this miRNA, and the pro-invasion effect of miR-1265 was abolished by circPICALM overexpression. STEAP4, a target of miR-1265, suppressed metastasis; it bound to FAK to prevent autophosphorylation at Y397 and influenced EMT in BC cells. Interpretation: CircPICALM can inhibit BC metastasis and bind to miR-1265 to block its pro-invasion activity. STEAP4 is a target of miR-1265 and is related to FAK phosphorylation and EMT.
Research in context
Evidence before this study Circular RNAs (circRNAs) are newly discovered noncoding RNAs that play an emerging role in regulating gene expression and various biological processes. Metastasis is a pivotal aspect of BC malignancy that negatively influences clinical outcome. DHX9 regulates a subclass of circRNAs. There is accumulating evidence that EMT profoundly influences the mobility and dissemination potential of cancer cells, and FAK is closely related to EMT in BC. RNA expression data were obtained from dataset GSE97239 and TCGA.
Added value of this study
We first evaluated circPICALM expression in BC and found that low circPICALM expression predicted a poor outcome, evidence that circPICALM could be a promising predictive and therapeutic target. We clarified the molecular mechanism of circPICALM, which provided insight into the mechanisms by which FAK is regulated in BC. We described the pro-metastatic roles of miR-1265 and its direct target STEAP4, which influenced EMT, in BC.
Implications of all the available evidence
Our research identified a new circRNA contributing to the regulation of BC metastasis. Further investigations inspired by our study could focus on the value of circPICALM as a preoperative predictive biomarker of BC metastasis and the applicability of the identified molecular mechanisms to other cancers.
Introduction
Bladder cancer (BC) is the ninth most prevalent cancer worldwide, causing an estimated 165,000 deaths each year [1] . It is predicted that in 2040, BC will cause 323,450 deaths annually [2] . Approximately three-fourths of BCs are classified as non-muscleinvasive BC (NMIBC), which has a high tendency to relapse [3] . Up to 50% of patients with muscle-invasive BC (MIBC) develop distant recurrence, at least half of whom will die from metastasis within two years [4, 5] . Overall, visceral metastasis is an independent risk factor of BC [6] , and lymphatic metastasis is associated with poor survival. Therefore, it is of great significance to thoroughly understand the mechanism of tumour invasion and metastasis.
Tumour metastasis is a complicated multi-step process whose molecular mechanism remains barely understood [7, 8] . Current studies have found that epithelial-mesenchymal transition (EMT) exerts a profound influence on tumour invasion and metastasis [9] . BC patients with high EMT-related gene expression levels respond poorly to PD-1 blockage treatment and have shorter progressionfree and overall survival [10] . Focal adhesion kinase (FAK) is a protein tyrosine kinase that plays a critical role in cellular morphology and motility [11] . Several studies have suggested that FAK activation promotes BC cell invasion through AKT or Src to influence EMT [12] [13] [14] . However, the functional role and interaction network of FAK have not been fully elucidated.
Circular RNAs (circRNAs) are a subclass of transcripts with covalently closed loop structures that lack classic 5 caps or 3 polyadenylated tails [15, 16] ; these RNAs used to be regarded as by-products of erroneous splicing [17, 18] . However, with advanced computational analysis of sequencing data, thousands of circR-NAs have been discovered in humans and have been shown to serve various functions in carcinogenesis, cardiac regeneration, immunomodulation, and myogenesis [19] [20] [21] [22] . Some circRNAs can act as microRNA (miRNA) sponges to regulate target genes in trans, while some circRNAs interfere with their parental genes in cis by competing with linear splicing [14, 23] . CircRNAs can also interact directly with proteins or be translated into proteins [22, 24] .
In this study, we queried a published dataset and identified cir-cPICALM as a differentially expressed circRNA. Overexpression of circPICALM inhibited BC cell invasion in vitro and in vivo through sponging miR-1265, a miRNA that promoted invasion and bound to the 3 untranslated region (UTR) of STEAP4. Importantly, STEAP4 inhibited BC metastasis by modulating FAK activation and EMT.
Materials and methods

Patients and samples
A total of 168 BC samples were obtained at surgery and immediately stored in liquid nitrogen. And 40 corresponding adjacent normal tissue samples from the macroscopic tumour margin in the cohort were isolated and processed at the same time, which were obtained at a distance of over 3 cm from the edge of cancer tissues. The histological and pathological diagnoses were confirmed and the specimens were classified according to the 2004 World Health Organization Consensus Classification and Staging [25, 26] . Patients underwent surgery from 2010 to 2016 at Sun Yat-sen Memorial Hospital, Sun Yat-sen University. All procedures were in accordance with the Declaration of Helsinki and approved by the Ethics Committee of Sun Yat-sen Memorial Hospital, Sun Yat-sen University. Written informed consent was obtained from each patient before the study. Clinical information of the patients was summarized in Table 1 .
Cell culture
Human BC cell lines (T24, RRID:CVCL_0554; UM-UC-3, RRID:CVCL_1783; J82, RRID:CVCL_0359; RT-4, RRID:CVCL_0036), a human immortalized uroepithelium cell line (SV-HUC-1, RRID:CVCL_3798), and human embryonic kidney cells (HEK-293 T, RRID:CVCL_0063) were obtained from American Type Culture Collection (Manassas, VA, USA). Human BC EJ cells were obtained from the Institute of Biochemistry and Cell Biology of Chinese Academy of Sciences (Shanghai, China). T24 and EJ cells were cultured with RPMI1640 (Gibco, USA). UM-UC-3, J82 and HEK-293 T cells were cultured with DMEM (Gibco, USA). RT-4 cells were cultured with McCoy's 5A (Gibco, USA) and SV-HUC-1 cells were cultured with F-12 K medium (Gibco, USA). All media were supplemented with 10% foetal bovine serum (BI, Israel) and 1% penicillin/streptomycin (Gibco, USA), and all cells were cultured in an incubator at 37°C with 5% CO 2 .
RNA preparation, reverse transcription, real-time PCR (RT-PCR), and nuclear mass separation assay
RNA isolation, reverse transcription, RT-PCR, and nuclear mass separation assays were conducted according to the protocols reported before [27] . The cycle number for RT-PCR was 40. The primers used in this study are listed in Supplementary Table 1. RNA isolation, reverse transcription, RT-PCR, and nuclear mass separation assays were conducted according to the protocols reported before [27] . The cycle number for RT-PCR was 40. The primers used in this study are listed in Supplementary Table 1 .
Nucleic acid electrophoresis
The PCR products were mixed with 6× loading buffer (TaKaRa, Japan) and GelRed (Biotium, US). Electrophoresis was performed in 1% agarose with TAE buffer. A 100-bp ladder was used as a molecular weight marker (CWBIO, China). Bands were visualized by UV irradiation.
Actinomycin D assay and RNase R treatment
For the actinomycin D assay, T24 and UM-UC-3 cells were cultured with 5 μg/ml actinomycin D (APE×BIO, USA) in RPMI1640 medium and DMEM medium, respectively. Cells were harvested at 0, 4, 8, 12, and 24 h after the addition of actinomycin D. The relative abundance was normalized to the expression of 0 h. For RNase R treatment, RNA was extracted and incubated with RNase R (Epicenter Technologies, USA) at 37°C for 30 min. Then, the stability of circRNA and its linear transcript was measured by RT-PCR.
Florescence in situ hybridization (FISH)
Cells were seeded into confocal dishes and fixed at 50% confluence. Cy3-labelled circPICALM and FAM-labelled miR-1265 probes were designed and synthesized by GenePharma (Shanghai, China). Nuclei were stained with 4,6-diamidino-2-phenylindole (DAPI). All processes were conducted using the Fluorescent In Situ Hybridization Kit (GenePharma, Shanghai, China) following the manufacturer's instructions. Images were obtained by a TCS SP9 STED 3× confocal microscope (Leica, USA). The probes used in this study are listed in Supplementary Table 2 .
Oligonucleotide transfection, vector construction and stable transfection
Cells were transfected with small interfering RNAs (siRNAs), miRNA mimics, or miRNA inhibitor (GenePharma, China) using Lipofectamine RNAiMAX (Invitrogen, USA). The circPICALM sequence was cloned into the pLenti-ciR-GFP-T2A-puro vector (IGEbio, China), and the STEAP4 sequence was cloned into the pCDH-GFP + Puro-3xFLAG vector (IGEbio, China). To package lentivirus, HEK-293 T cells were transfected with overexpression vectors, psPAX2 (Addgene, USA, RRID:Addgene_12260) and PMD2.G (Addgene, USA, RRID:Addgene_12259) using X-tremeGENE (Sigma, USA). Lentiviruses were harvested, filtered and concentrated. Cells were infected with virus and selected with puromycin. The oligonucleotides transfected in this study are listed in Supplementary Table 3 .
Wound healing, cell migration and cell invasion assays
Wound healing, cell migration, and cell invasion assays were performed as previously described [28] .
Animal experiments and HE staining
Animal experiments were performed according to the guidelines of the National Institutes of Health and were approved by the Animal Ethics Committee of Sun Yat-sen University. A total of 5 × 10 6 circPICALM-overexpressing or control UM-UC-3 cells were injected into the footpads of 4-week-old male BALB/c nude mice. Four weeks later, the popliteal lymph nodes (LNs) were harvested, and their volume was calculated as volume = (length× width 2 )/2. For HE staining, tissues were paraffin-embedded, dewaxed, rehydrated, and stained with HE.
Western blot analysis
Cells were treated with radioimmunoprecipitation assay buffer (RIPA, Beyotime, China) supplemented with 1% protease and phosphatase inhibitors (CWBIO, China). Equal amounts of protein were electrophoresed and transferred onto polyvinylidene fluoride (PVDF) membranes, which were blocked by 5% nonfat milk in TBST buffer for one hour and then incubated with primary antibodies against the following proteins: DHX9 (ab26271, Abcam, UK, RRID:AB_777725), GAPDH (AC002, ABclonal, China, RRID:AB_2736879), STEAP4 (ab63967, Abcam, UK, RRID:AB_1143135), FAK (ab40794, Abcam, UK, RRID:AB_ 732,300), pFAK (phospho Y397) (ab81298, Abcam, UK, RRID:AB_1640500), ZO-1 (#8193, CST, US, RRID:AB_10898025), E-Cadherin (#3195, CST, US, RRID:AB_2291471), Vimentin (#5741, CST, US, RRID:AB_10695459), N-Cadherin (#13116, CST, US, RRID:AB_2687616), ZEB1 (#3396, CST, US, RRID:AB_1904164), Slug (#9585, CST, US, RRID:AB_2239535), and β-Catenin (#9562, CST, US, RRID:AB_331149). The next day, the membranes were washed with TBST buffer and incubated with HRP-conjugated secondary antibodies. Signal intensities were measured by Immobilon ECL substrate (Millipore, Germany), and images were acquired using an OPTIMAX X-ray Film Processor (Protec, Germany).
RNA immunoprecipitation (RIP)
RIP was conducted with a Magna RIP TM RNA-binding protein immunoprecipitation kit (Millipore, USA) according to the manufacturer's guidelines. Briefly, anti-Ago2 antibody (Millipore, USA) or rabbit IgG was incubated with magnetic beads at room temperature for 30 min to generate antibody-coated beads. Approximately 1 × 10 7 cells were lysed and mixed with beads on a rotator at 4°C overnight. Then, the beads were washed, and coimmunoprecipitated RNA was extracted by RNAiso Plus (TaKaRa, Japan) and detected by RT-PCR.
Pull-down assay
Biotin-labelled circPICALM or oligo probes (GenePharma, China) were pre-incubated with Streptavidin-Dyna beads M-280 (Invitrogen, USA). CircPICALM-overexpressing and control cells were lysed and incubated with the beads at 4°C overnight. Then, the beads were washed, and the crosslinking was reversed. RNA was extracted using RNAiso Plus (TaKaRa, Japan) and measured by RT-PCR.
Dual-luciferase reporter assay
Target sequences were synthesized and inserted into the psiCHECK-2 plasmid. Then, Renilla luciferase (Rluc) and firefly luciferase activities were detected using the Dual-Glo Luciferase Assay System (Promega, USA) following the method described before [28] .
Biotin-labelled miRNA capture
Stable circPICALM-overexpressing cells were transfected with biotinylated miR-1265 mimics or control (GenePharma, China). After 48 h, the lysates were incubated with pre-blocked streptavidin magnetic beads. Then, the beads were washed, and circPICALM and the 3'UTR of STEAP4 abundance were determined by RT-PCR and electrophoresis.
Co-immunoprecipitation (Co-IP)
T24 and UM-UC-3 cells stably expressing STEAP4-3 × FLAG were established. Co-IP was performed using a Pierce TM Crosslink Magnetic IP/Co-IP Kit (Thermo Fisher Scientific, USA) with an anti-FLAG antibody (#14793, CST, US, RRID:AB_2572291) according to the manufacturer's instructions. Immunoprecipitated proteins were analysed by western blotting with the anti-FAK and anti-Flag antibodies described above.
Statistical analysis
Data were analysed by SPSS 22.0 (IBM, USA, RRID:SCR_002865), and a P-value<.05 was considered statistically significant. Student's t-test, the Wilcoxon rank-sum test, or the Mann-Whitney U test were applied to compare the means between groups. Spearman's rank correlation coefficient assays were used to analyse the expression correlation. A chi-square test and univariate and multivariate Cox proportional hazards regression model were used to analyse correlations between circPICALM levels and clinical parameters. The log-rank test and Kaplan-Meier survival curve was used to evaluate overall survival. Data are presented as the mean ± standard deviation (SD).
Results
Identifying circPICALM in BC
We used the published GSE97239 dataset to identify circRNAs differentially expressed between BC and adjacent normal tissues [29] . We chose to investigate downregulated hsa_circ_0023919 (circPICALM) for the following reasons: 1, circPICALM had relatively low expression levels in commonly used BC cell lines compared with the human immortalized uroepithelium cell line SV-HUC-1 (Fig. 1a ); 2, circPICALM levels were downregulated in the highly invasive T24 and UM-UC-3 cells, models we established and described previously [14] , and circPICALM levels were relatively higher in poorly invasive BC cells (Fig. 1b) ; and 3, functional studies of circPICALM are rare. CircRNAs and their linear counterparts have identical sequences, except at the junction of the transcript [15] . Therefore, we designed primers targeting the backsplice junction (divergent primers) and primers targeting the linear section (convergent primers). We performed RT-PCR using these two primer sets with cDNA and genomic DNA (gDNA) as templates. Not surprisingly, unique products of the expected length were amplified ( Fig. 1c ; Supplementary Fig. 1a ). CircPICALM is derived from exon 9 to exon 12 of the PICALM gene, and the junction site was further verified by Sanger sequencing (Fig. 1d ). CircPICALM levels were significantly lower when oligo-dT primers were used than when random primers were used in the reverse transcription system ( Fig. 1e ). We also found that circPICALM was more stable than its linear form after treatment with actinomycin D (Fig. 1f ) and RNase R ( Fig. 1g ), as evidenced by RT-PCR detection. We examined the relative abundance of circPICALM in the nucleus and cytoplasm via nuclear mass separation assays ( Fig. 1h ; Supplementary Fig. 1b ) and FISH ( Fig. 1i ; Supplementary Fig. 1c ) and concluded that circPI-CALM was mainly located in the cytoplasm. These results indicate that circPICALM is a rather stable, mainly cytoplasmic transcript derived from exons 9 to 12 of the PICALM gene.
We used the published GSE97239 dataset to identify circRNAs differentially expressed between BC and adjacent normal tissues [29] . We chose to investigate downregulated hsa_circ_0023919 (circPICALM) for the following reasons: 1, circPICALM had relatively low expression levels in commonly used BC cell lines compared with the human immortalized uroepithelium cell line SV-HUC-1 (Fig. 1a ); 2, circPICALM levels were downregulated in the highly invasive T24 and UM-UC-3 cells, models we established and described previously [14] , and circPICALM levels were relatively higher in poorly invasive BC cells (Fig. 1b) ; and 3, functional studies of circPICALM are rare. CircRNAs and their linear counterparts have identical sequences, except at the junction of the transcript [15] . Therefore, we designed primers targeting the backsplice junction (divergent primers) and primers targeting the linear section (convergent primers). We performed RT-PCR using these two primer sets with cDNA and genomic DNA (gDNA) as templates. Not surprisingly, unique products of the expected length were amplified ( Fig. 1c ; Supplementary Fig. 1a ). CircPICALM is derived from exon 9 to exon 12 of the PICALM gene, and the junction site was further verified by Sanger sequencing (Fig. 1d ). CircPICALM levels were significantly lower when oligo-dT primers were used than when random primers were used in the reverse transcription system ( Fig. 1e ). We also found that circPICALM was more stable than its linear form after treatment with actinomycin D (Fig. 1f ) and RNase R (Fig. 1g ), as evidenced by RT-PCR detection. We examined the relative abundance of circPICALM in the nucleus and cytoplasm via nuclear mass separation assays ( Fig. 1h; Supplementary Fig. 1b ) and FISH ( Fig. 1i; Supplementary Fig. 1c ) and concluded that circPI-CALM was mainly located in the cytoplasm. These results indicate that circPICALM is a rather stable, mainly cytoplasmic transcript derived from exons 9 to 12 of the PICALM gene. Unpaired, two-tailed student's t-test, * * P<0.01). 
CircPICALM has significantly lower expression in BC and is related to survival
Next, we investigated whether circPICALM is differentially expressed in BC patients. We performed RT-PCR to ascertain circPI-CALM and PICALM mRNA expression in 40 paired cancer and adjacent normal tissue samples. In accordance with the GSE97239 dataset, circPICALM had markedly lower expression in BC than in adjacent noncancerous tissues ( Fig. 2a ). PICALM mRNA also had lower expression ( Fig. 2b) , but there was no correlation between circPICALM and PICALM mRNA expression in BC samples (Fig. 2c ). Subsequently, we used RT-PCR to measure circPICALM expression in 168 BC cases with follow-up and clinical parameter data. Kaplan-Meier survival analysis indicated that patients with a relatively lower abundance of circPICALM had poorer outcomes (Fig. 2d ). Additionally, patients with LN metastasis, advanced T stage and high grade had lower circPICALM expression ( Fig. 2e-g) . A chi-square test was conducted to elucidate the correlation between circPI-CALM status and clinical parameters. Pathological stage, grade, and LN metastasis, but not other features, showed a strong correlation with circPICALM levels (Table 1) . We performed an univariate and multivariate Cox regression analysis and found that lymphatic metastasis and circPICALM expression were independent prognostic factors for BC patients ( Table 2) . Taken together, the data indicate that circPICALM overexpression suggests favourable survival of BC patients, suggesting a regulatory role for circPICALM.
CircPICALM inhibits BC cell invasion and can be regulated by DHX9
We investigated the biological role of circPICALM in BC via lossand gain-of-function assays. We used siRNAs designed to target the junction site of circPICALM (Fig. 3a) . RT-PCR analysis showed that these siRNAs successfully silenced circPICALM expression ( Fig. 3b ) with minimal impact on the linear form (Fig. 3c ). T24 and UM-UC-3 cells with circPICALM knockdown had a more invasive phenotype and more rapid wound healing ( Fig. 3d; Supplementary Fig. 1d ). We then constructed plasmids to stably overexpress circPICALM in BC cell lines ( Supplementary Fig. 1e ). Overexpression of circPICALM inhibited T24 and UM-UC-3 cell migration, invasion, and wound healing in vitro ( Supplementary Fig. 1f ; Supplementary Fig. 2a ). We further investigated the effect of circPICALM in vivo. UM-UC-3 cells overexpressing circPICALM or negative control vector were injected into the footpads of BALB/c nude mice (4-6 weeks old, five mice per group) to assess lymphatic metastasis. Popliteal LNs were harvested four weeks later (Fig. 3e ). Not surprisingly, circPICALM potently reduced the volume of popliteal LNs (Fig. 3f ) and lymphatic invasion ( Fig. 3g ). DHX9 is a well-known RNA helicase that can interact with inverted Alu repeats (IARs) to reduce the expression of a subset of circRNAs [30] . Abundant IARs can be found within the PICALM gene locus, some of which are located around exons 9 to 12 (Fig. 3h ). Data confirmed that circPICALM abundance increased after silencing DHX9 ( Fig. 3i-j ), suggesting that DHX9 could be a potential regulator. We investigated the biological role of circPICALM in BC via lossand gain-of-function assays. We used siRNAs designed to target the junction site of circPICALM ( Fig. 3a) . RT-PCR analysis showed that these siRNAs successfully silenced circPICALM expression ( Fig. 3b ) with minimal impact on the linear form ( Fig. 3c ). T24 and UM-UC-3 cells with circPICALM knockdown had a more invasive phenotype and more rapid wound healing ( Fig. 3d; Supplementary Fig. 1d ). We then constructed plasmids to stably overexpress circPICALM in BC cell lines ( Supplementary Fig. 1e ). Overexpression of circPICALM inhibited T24 and UM-UC-3 cell migration, invasion, and wound healing in vitro ( Supplementary Fig. 1f ; Supplementary Fig. 2a ). We further investigated the effect of circPICALM in vivo. UM-UC-3 cells overexpressing circPICALM or negative control vector were injected into the footpads of BALB/c nude mice (4-6 weeks old, five mice per group) to assess lymphatic metastasis. Popliteal LNs were harvested four weeks later (Fig. 3e ). Not surprisingly, circPICALM potently reduced the volume of popliteal LNs (Fig. 3f ) and lymphatic invasion (Fig. 3g ). DHX9 is a well-known RNA helicase that can interact with inverted Alu repeats (IARs) to reduce the expression of a subset of circRNAs [30] . Abundant IARs can be found within the PICALM gene locus, some of which are located around exons 9 to 12 (Fig. 3h ). Data confirmed that circPICALM abundance increased after silencing DHX9 ( Fig. 3i-j ), suggesting that DHX9 could be a potential regulator.
CircPICALM binds to and sponges miR-1265
Considering the subcellular location of circPICALM in BC cells, we hypothesized that it may function by sponging miRNA. We measured the abundance of circPICALM and linear PICALM using anti-Ago2 and IgG RIP assays in T24 and UM-UC-3 cells and found that circPICALM was enriched by the anti-Ago2 antibody (Fig. 4a) , which preliminarily supported our theory. Next, we iden-tified potential target miRNAs by cross-referencing the predictions from CircInteractome, miRanda, and RNAhybrid. Seven candidate miRNAs (miR-874, miR-217, miR-7, miR-1825, miR-583, miR-647, and miR-1265) were chosen for the following study (Fig. 4b) .
The biotin-labelled circPICALM probe robustly enriched circPICALM compared with the oligo probe in BC cells, verifying the efficiency of the pull-down assay ( Fig. 4c-d ). RNA extracted from the pulldown assay was analysed by RT-PCR, and miR-1265 was the most promising miRNA due to consistent results in T24 and UM-UC-3 cells (Fig. 4e ). We then constructed a psiCHECK-2 plasmid containing the wild-type circPICALM sequence. Compared with the NC group, the miR-1265 mimics group showed a significant reduction in relative Rluc activity in HEK-293 T cells (Fig. 4f) ; however, mutating the putative circPICALM binding site ( Fig. 4 g) abolished this reduction (Fig. 4f) . To validate the physical interaction, we performed RNA capture with biotin-labelled miR-1265 mimic probes in stable circPICALM-overexpressing T24 and UM-UC-3 cells; considerably more circPICALM was captured by the miR-1265 wildtype probe than the mutant probe ( Fig. 4 h) , confirming the role of circPICALM as a miR-1265 sponge. Finally, FISH assays revealed that circPICALM and miR-1265 highly colocalized in the cytoplasm of T24 and UM-UC-3 cells ( Fig. 4i; Supplementary Fig. 2b ). In conclusion, the results above prove our hypothesis that circPICALM interacts with and sponges miR-1265.
Considering the subcellular location of circPICALM in BC cells, we hypothesized that it may function by sponging miRNA. We measured the abundance of circPICALM and linear PICALM using anti-Ago2 and IgG RIP assays in T24 and UM-UC-3 cells and found that circPICALM was enriched by the anti-Ago2 antibody (Fig. 4a ), which preliminarily supported our theory. Next, we identified potential target miRNAs by cross-referencing the predictions from CircInteractome, miRanda, and RNAhybrid. Seven candidate miRNAs (miR-874, miR-217, miR-7, miR-1825, miR-583, miR-647, and miR-1265) were chosen for the following study (Fig. 4b) .
The biotin-labelled circPICALM probe robustly enriched circPICALM compared with the oligo probe in BC cells, verifying the efficiency of the pull-down assay ( Fig. 4c-d) . RNA extracted from the pulldown assay was analysed by RT-PCR, and miR-1265 was the most promising miRNA due to consistent results in T24 and UM-UC-3 cells (Fig. 4e) . We then constructed a psiCHECK-2 plasmid containing the wild-type circPICALM sequence. Compared with the NC group, the miR-1265 mimics group showed a significant reduction in relative Rluc activity in HEK-293 T cells (Fig. 4f) ; however, mutating the putative circPICALM binding site ( Fig. 4 g) abolished this reduction (Fig. 4f) . To validate the physical interaction, we performed RNA capture with biotin-labelled miR-1265 mimic probes in stable circPICALM-overexpressing T24 and UM-UC-3 cells; considerably more circPICALM was captured by the miR-1265 wildtype probe than the mutant probe ( Fig. 4 h) , confirming the role of circPICALM as a miR-1265 sponge. Finally, FISH assays revealed that circPICALM and miR-1265 highly colocalized in the cytoplasm of IARs within PICALM gene locus. Upper band showed the whole length of PICALM, while the lower band showed the ±500 bp of exon 9 to exon 12 region. Alignment scores were indicated with specific colours. i. Expression levels of DHX9 were evaluated by western blotting after transfected with DHX9 siRNAs in T24 and UM-UC-3 cells. i. Relative levels of circPICALM in T24 and UM-UC-3 cells were measured after DHX9 was silenced. (Data are presented as the mean ± SD, n = 3. Unpaired, two-tailed student's t-test, * * P<0.01). of T24 and UM-UC-3 cells ( Fig. 4i; Supplementary Fig. 2b ). In conclusion, the results above prove our hypothesis that circPICALM interacts with and sponges miR-1265.
miR-1265 promotes invasion, which is inhibited by circPICALM overexpression
There are few studies on the functions of miR-1265 in cancer, especially in BC. We investigated T24 and UM-UC-3 cell invasion after transfection with NC, miR-1265 mimics, or miR-1265 inhibitor via migration, Matrigel invasion, and wound healing assays ( Supplementary Fig. 2c-d) . As expected, miR-1265 promoted BC cell migration, invasion and wound healing ( Fig. 5a-b) , while knockdown of miR-1265 had the opposite effect ( Supplementary  Fig. 2e-f ). Based on the competing endogenous RNA (ceRNA) mechanism, circRNAs can act as sponges to influence miRNA function [14] . Overexpression of circPICALM abrogated, at least partly, the pro-metastasis effect of miR-1265 on BC cells ( Fig.  5c; Supplementary Fig. 3a) . Besides, overexpression of circPICALM could also impair the effect of miR-1265 on downstream molecules (Fig. 5d ). Collectively, these data indicate that miR-1265 promotes BC metastasis and is potentially regulated by circPICALM in a classic ceRNA mechanism.
There are few studies on the functions of miR-1265 in cancer, especially in BC. We investigated T24 and UM-UC-3 cell invasion after transfection with NC, miR-1265 mimics, or miR-1265 inhibitor via migration, Matrigel invasion, and wound healing assays ( Supplementary Fig. 2c-d) . As expected, miR-1265 promoted BC cell migration, invasion and wound healing ( Fig. 5a-b) , while knockdown of miR-1265 had the opposite effect ( Supplementary  Fig. 2e-f ). Based on the competing endogenous RNA (ceRNA) mechanism, circRNAs can act as sponges to influence miRNA function [14] . Overexpression of circPICALM abrogated, at least partly, the pro-metastasis effect of miR-1265 on BC cells ( Fig. 5c ; Supplementary Fig. 3a) . Besides, overexpression of circPICALM could also impair the effect of miR-1265 on downstream molecules (Fig. 5d ). Collectively, these data indicate that miR-1265 promotes BC metastasis and is potentially regulated by circPICALM in a classic ceRNA mechanism.
STEAP4 is a direct target of miR-1265 and dysregulates metastasis
It is acknowledged that miRNAs can function by degrading mRNA or obstructing transcription [31] . Therefore, we investigated how miR-1265 affects downstream factors. Upon synthesis of the predictions in miRWalk, TargetScan and miRDB, we found a series of candidates, among which STEAP4 drew our attention. We checked STEAP4 expression levels in TCGA data and found that STEAP4 mRNA expression was markedly lower in BC tissues than in normal uroepithelium (Fig. 6a ). The trend in our samples was consistent with that in TCGA data ( Supplementary Fig. 3b ), and the expression of STEAP4 mRNA had a positive correlation with circPI-CALM expression ( Supplementary Fig. 3c ). When T24 and UM-UC-3 cells were transfected with miR-1265 mimics, STEAP4 levels decreased (Fig. 6b) , and the function of miR-1265 mimics could be abolished by circPICALM overexpression (Fig. 5d) . A dual-luciferase reporter assay was conducted; relative Rluc intensity decreased notably when HEK-293 T cells were co-infected with the psiCHECK-2 plasmid containing the STEAP4 3' UTR and miR-1265 mimics (Fig.  6c) . Meanwhile, mutation of the miR-1265 binding site abolished the repression of Rluc activity (Fig. 6c-d ). STEAP4 is a member of the human 6-transmembrane epithelial antigen of prostate family; it is considered a diagnostic marker in prostate and hepatic cancer, and it has been validated to play an important role in androgenresponsive/androgen receptor-positive prostate cancer, whereas lit-tle is known about its function in BC cells or the invasive phenotype of cancer [32] [33] [34] [35] . T24 and UM-UC-3 cells were exposed to STEAP4 siRNAs, which increased migration, invasion, and wound healing capacities ( Fig. 6e-f ). And overexpression of STEAP4 exerted an opposite function ( Supplementary Fig. 4d-e ). These findings provide evidence that STEAP4 is a target of miR-1265.
It is acknowledged that miRNAs can function by degrading mRNA or obstructing transcription [31] . Therefore, we investigated how miR-1265 affects downstream factors. Upon synthesis of the predictions in miRWalk, TargetScan and miRDB, we found a series of candidates, among which STEAP4 drew our attention. We checked STEAP4 expression levels in TCGA data and found that STEAP4 mRNA expression was markedly lower in BC tissues than in normal uroepithelium (Fig. 6a) . The trend in our samples was consistent with that in TCGA data ( Supplementary Fig. 3b ), and the expression of STEAP4 mRNA had a positive correlation with circPI-CALM expression ( Supplementary Fig. 3c ). When T24 and UM-UC-3 cells were transfected with miR-1265 mimics, STEAP4 levels decreased (Fig. 6b) , and the function of miR-1265 mimics could be abolished by circPICALM overexpression (Fig. 5d) . A dual-luciferase reporter assay was conducted; relative Rluc intensity decreased notably when HEK-293 T cells were co-infected with the psiCHECK-2 plasmid containing the STEAP4 3' UTR and miR-1265 mimics (Fig.  6c ). Meanwhile, mutation of the miR-1265 binding site abolished the repression of Rluc activity ( Fig. 6c-d ). STEAP4 is a member of the human 6-transmembrane epithelial antigen of prostate family; it is considered a diagnostic marker in prostate and hepatic cancer, and it has been validated to play an important role in androgenresponsive/androgen receptor-positive prostate cancer, whereas little is known about its function in BC cells or the invasive phenotype of cancer [32] [33] [34] [35] . T24 and UM-UC-3 cells were exposed to STEAP4 siRNAs, which increased migration, invasion, and wound healing capacities ( Fig. 6e-f ). And overexpression of STEAP4 exerted an opposite function ( Supplementary Fig. 4d-e ). These findings provide evidence that STEAP4 is a target of miR-1265.
STEAP4 decreases the pFAK/FAK ratio and influences EMT
It has been reported that STEAP4 can interact with and negatively regulate the activation of FAK, a key regulator of cell migration, through effects on Y397 phosphorylation and, therefore, inhibit anchorage-independent cell growth [35] . The physical interaction between STEAP4 and FAK was verified by co-IP in T24 and UM-UC-3 cells (Fig. 7a ). Moreover, we performed western blotting to determine the expression levels of total FAK and phosphorylated FAK (pFAK-Y397) in BC cells. In T24 and UM-UC-3 cells, silencing STEAP4 led to increased pFAK-Y397 levels but no change in total FAK levels ( Fig. 7b) , whereas ectopic expression of STEAP4 decreased the pFAK/FAK ratio (Fig. 7c) . Interestingly, miR-1265 mimics could increase the pFAK/FAK ratio, and overexpression of cir-cPICALM abrogated that effect (Fig. 5d ). FAK Inhibitor 14 is a selective FAK inhibitor that can block FAK phosphorylation at Y397 [36] . Migration, invasion, and wound healing assays revealed that FAK Inhibitor 14 robustly counteracted the pro-metastasis effects of STEAP4 knockdown ( Fig. 7d; Supplementary Fig. 4a ). EMT is a crucial step in cancer development and relapse, as it helps cells acquire the different characteristics of stemness, drug resistance, invasion, and metastasis [9] . After STEAP4 knockdown, the levels of β-Catenin, Vimentin, ZEB1, Slug, and N-Cadherin were upregulated, while E-Cadherin and ZO-1 were downregulated, evidence of an increasing mesenchymal phenotype (Fig. 7e) . Moreover, western blotting showed that epithelial characteristics were more evident upon STEAP4 overexpression ( Supplementary Fig. 4b ). When cir-cPICALM was silenced, mesenchymal markers were increased, and overexpression of circPICALM reversed the BC cells towards epithelial phenotype ( Supplementary Fig. 4c-d) . Elevation of miR-1265 Fig. 5 . miR-1265 promotes invasion, which is inhibited by circPICALM overexpression. a. and b. T24 and UM-UC-3 cells transfected with miR-1265 mimics had more invasive phonotype, detected by migration, invasion, and wound healing assays. c. and d. Migration and invasion assays showed that overexpression of circPICALM could eliminate the pro-metastasis function of miR-1265 in BC cells, and the expression of STEAP4, FAK, and pFAK-Y397. Scale bar, 100 μm. (Data are presented as the mean ± SD, n = 3. Unpaired, two-tailed student's t-test, * P<0.05, * * P<0.01). rank-sum test. c. and e-g. Unpaired, two-tailed student's t-test, * * P<0.01). Fig. 7 . STEAP4 decreases the pFAK/FAK ratio and influences EMT. a. Co-IP using anti-Flag antibody or IgG in wild-type BC cells or cells stably expressing STEAP4-3 × Flag. Proteins immunoprecipitated were detected by western blotting with anti-FAK and anti-Flag antibodies. b. and c. Western blotting showed FAK and its phosphorylation form in T24 and UM-UC-3 cells when silencing or overexpressing STEAP4. d. FAK Inhibitor 14 could eliminate the pro-metastasis effect of STEAP4 silencing, indicated by migration and Matrigel invasion assays. Scale bar, 100 μm. e. Western blotting illustrated EMT markers expression in BC cells transfected with STEAP4 siRNAs. f. Model we propose that circPICALM sponges miR-1265 to influence the metastasis of BC. STEAP4 is a direct miR-1265 target and exerts its function on EMT through binding and inhibiting the phosphorylation of FAK. (Data are presented as the mean ± SD, n = 3. Unpaired, two-tailed student's t-test, * P<0.05, * * P<0.01). also drove the EMT process ( Supplementary Fig. 4e ). Collectively, we clarified that circPICALM influences BC metastasis via the miR-1265/STEAP4/FAK/EMT axis (Fig. 7f ).
It has been reported that STEAP4 can interact with and negatively regulate the activation of FAK, a key regulator of cell migration, through effects on Y397 phosphorylation and, therefore, inhibit anchorage-independent cell growth [35] . The physical interaction between STEAP4 and FAK was verified by co-IP in T24 and UM-UC-3 cells (Fig. 7a ). Moreover, we performed western blotting to determine the expression levels of total FAK and phosphorylated FAK (pFAK-Y397) in BC cells. In T24 and UM-UC-3 cells, silencing STEAP4 led to increased pFAK-Y397 levels but no change in total FAK levels (Fig. 7b) , whereas ectopic expression of STEAP4 decreased the pFAK/FAK ratio (Fig. 7c) . Interestingly, miR-1265 mimics could increase the pFAK/FAK ratio, and overexpression of cir-cPICALM abrogated that effect (Fig. 5d ). FAK Inhibitor 14 is a selective FAK inhibitor that can block FAK phosphorylation at Y397 [36] . Migration, invasion, and wound healing assays revealed that FAK Inhibitor 14 robustly counteracted the pro-metastasis effects of STEAP4 knockdown ( Fig. 7d; Supplementary Fig. 4a ). EMT is a crucial step in cancer development and relapse, as it helps cells acquire the different characteristics of stemness, drug resistance, invasion, and metastasis [9] . After STEAP4 knockdown, the levels of β-Catenin, Vimentin, ZEB1, Slug, and N-Cadherin were upregulated, while E-Cadherin and ZO-1 were downregulated, evidence of an increasing mesenchymal phenotype (Fig. 7e ). Moreover, western blotting showed that epithelial characteristics were more evident upon STEAP4 overexpression ( Supplementary Fig. 4b ). When cir-cPICALM was silenced, mesenchymal markers were increased, and overexpression of circPICALM reversed the BC cells towards epithelial phenotype ( Supplementary Fig. 4c-d) . Elevation of miR-1265 also drove the EMT process ( Supplementary Fig. 4e ). Collectively, we clarified that circPICALM influences BC metastasis via the miR-1265/STEAP4/FAK/EMT axis (Fig. 7f ).
Discussion
CircRNAs compose a large population of noncoding RNAs derived from various genomic locations and are expressed in tissue-, cell type-and developmental stage-specific manners [37] . Due to their covalent loop structure without 5 caps or 3 polyadenylated tails, circRNAs are difficult to be reverse transcribed with oligo-dT primers and more stable than linear mRNAs, which gives them specific advantages as biomarkers of various cancers [38, 39] . Abundant circRNAs have been reported to exert diverse functions in many cancers, including BC [14, 23] . In the present study, we identified circPICALM as a differentially expressed circRNA between cancer and normal uroepithelium. We further verified this finding in BC cell lines and highly or poorly invasive cell subpopulations. Low expression of circPICALM predicted advanced T stage, high grade, LN positivity, and poor outcome. Moreover, circPICALM expression and LN metastasis were independent prognostic factors in our cohort.
Alu elements are well-known retrotransposons, members of the short interspersed nuclear element (SINE) family of repetitive elements, and IARs around exons promote circRNA formation [16, 40] . DHX9, an abundant nuclear RNA helicase, binds specifically to IARs, and loss of DHX9 can increase the formation of a subclass of circR-NAs [30] . We found that multiply IARs were located within PICALM gene, some of which were around exons 9 to12, where circPICALM was formed. CircPICALM expression was further elevated by silencing DHX9, suggesting that DHX9 can affect the circularization of the PICALM gene in an Alu element-dependent manner.
Metastasis and invasion indicate BC malignancy and restrict treatment options [41] . There is an urgent need to identify invasion-related molecules and elucidate the associated mecha-nisms. We found that silencing circPICALM robustly promoted the migration, invasion, and wound healing capacities of BC cells, whereas circPICALM overexpression had the opposite effects in vivo and in vitro.
The majority of circRNAs derived from back-splicing exons are located in the cytoplasm [37, 41] . However, only a few cytoplasmic circRNAs contain binding sites to trap particular miRNAs, known as the ceRNA mechanism [15, 42] . Previous studies discovered that miRNAs are complementary to the 3' UTR of protein-coding mR-NAs and mediate negative post-transcriptional regulation through RNA duplex formation [31] . Ago2, a protein in the RNA-induced silencing complex (RISC), can facilitate the repression and degradation of target mRNAs by miRNAs [43] . Recent studies suggest that circRNAs trap miRNAs to prevent them from downregulating target genes [14] . CircPICALM is generated from exons 9-12 of PICALM, and we performed FISH and cytoplasm and nuclear mass separation assays to ascertain the predominantly cytoplasmic localization of circPICALM, which led us to test its capacity for sponging miRNAs. A pull-down assay indicated that circPICALM was substantially enriched by an anti-Ago2 antibody, suggesting its potential function in the AGO-RISC complex in BC cells. We cross-referenced the predicted candidates from CircInteractome, miRanda, and RNAhybrid, and performed a series of pull-down, miRNA capture, and dual-luciferase reporter assays to confirm that circPICALM directly interacts with miR-1265. Furthermore, circPI-CALM could, at least partially, reverse the pro-metastatic role of miR-1265, providing another line of evidence that circPICALM acts as a miR-1265 trap.
STEAP4 is a six transmembrane metalloreductase and predicted to be a target gene of miR-1265 by miRWalk, TargetScan and miRDB [44] . STEAP4 levels decreased when BC cells were treated with miR-1265 mimics, suggesting its potential as a target of miR-1265. More interestingly, STEAP4 expression is positively related to circPICALM expression. We validated the interaction between miR-1265 and STEAP4 using a dual-luciferase reporter assay. Besides, consistent with ceRNA hypothesis, the binding site between miR-1265 and circPICALM is identical to the one between miR-1265 and the STEAP4 3' UTR. STEAP4 is hypermethylated and downregulated in hepatocellular carcinoma and is elevated in breast cancer cells that obtain oncogenic features after long-term exposure to ethanol [33, 45] ; however, little is known about its function in BC. TCGA and our data revealed relatively low expression of STEAP4 in BC. We found that knocking down STEAP4 led to a more invasive phenotype of BC cells, while overexpression STEAP4 exerted an opposite function.
FAK is a well-studied tyrosine kinase that is abnormally elevated in many cancers, such as lung, ovarian, breast, cervical, and bladder cancer [46] [47] [48] [49] [50] . FAK can influence fundamental oncogenic cellular behaviours, including adhesion, migration, proliferation and angiogenesis, and it is closely related to metastasis and poor survival [51] . Autophosphorylation of Y397 is vital for FAK activation, as it forms the binding site for Src homology 2 (SH2) domain-containing molecules, and several reports have proposed pFAK-Y397 as a potential therapeutic target for pancreatic cancer, malignant pleural mesothelioma, lung adenocarcinoma and metastatic osteosarcoma [51] [52] [53] [54] . We discovered that STEAP4 interacted with FAK and that pFAK-Y397 levels increased in response to STEAP4 silencing in BC cells. Overexpression of miR-1265 could both increase the pFAK/FAK ratio and decrease STEAP4 expression; however, this effect could be eliminate by upregulating cir-cPICALM. Moreover, the selective FAK Inhibitor 14, which prevents FAK autophosphorylation at Y397, abolished the pro-invasive effect of STEAP4 knockdown. These results indicate that pFAK-Y397 is a pivotal regulator of STEAP4 that influences BC cell invasion.
Numerous studies have reported that FAK promotes EMT through FAK/PI3K/AKT and FAK/Src pathways, which profoundly in-fluences the metastatic potential of BC [12] [13] [14] 55] . Consequently, we detected EMT markers by western blotting and found that inhibition of STEAP4 increased epithelial markers and decreased mesenchymal markers, while the trend was reversed when STEAP4 or circPICALM was overexpressed. Overexpression of miR-1265 promoted EMT. Our results show that circPICALM influences EMT to inhibit BC metastasis via the miR-1265/STEAP4/FAK axis.
In summary, we identified circPICALM as an invasion-related and differentially expressed circRNA in BC. Low circPICALM levels were observed in BC tissues and predicted to be related to poor survival and LN positivity in BC patients. Mechanistically, circPI-CALM acted as a miR-1265 sponge to regulate STEAP4 and further influenced pFAK-Y397 status and EMT. Our research provides insights into the prognostic and therapeutic potential of circPICALM.
